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DESCRIPTION AND OPERATING PERFORMANCE OF 

A PARALLEL-RAIL ELECTRIC-ARC SYSTEM WITH HELIUM D R I V E R  GAS 

FOR THE LANGLEY 6-INCH EXPANSION TUBE 

John A .  Moore 
Langley Research Center  

SUMMARY 

A d e s c r i p t i o n  o f  a para l le l - ra i l  arc-discharge system t o  heat and p res su r -  
i z e  t h e  i n i t i a l  helium d r i v e r  gas o f  t h e  Langley 6-inch expansion t u b e  i s  pre-  
sen ted .  T h i s  system was designed f o r  a 2.44-m-long d r i v e r  v e s s e l  rated a t  
138 MPa, w i t h  a d i s t a n c e  between r a i l s  of  20.3 cm. Electr ic  energy  was obta ined  
from a c a p a c i t o r  storage system rated a t  12 000 V w i t h  a maximum energy  of 5 M J .  
Tests were performed ove r  a range o f  energy from 1 # 7 4  M J  t o  t h e  maximum va lue .  
The o p e r a t i n g  exper ience  and system performance are d i scussed ,  a long  w i t h  
r e s u l t s  from a l i m i t e d  number o f  expansion-tube tests w i t h  a i r  and carbon diox- 
i d e  as test gases. 

For  t h e  range of e lec t r ica l  energy  i n v e s t i g a t e d ,  t h e  e f f i c i e n c y  o f  conver- 
s ion  from e l ec t r i ca l  t o  thermal energy ,  as i n f e r r e d  from t h e  measured i n c i d e n t  
shock v e l o c i t y  i n  t h e  test gas, v a r i e d  from approximately 30 t o  85 percent .  
Visual  i n s p e c t i o n  o f  t h e  r a i l s  immediately fo l lowing  a tes t  i n d i c a t e d  t h a t  t h e  
arc t r a v e l e d  a d i s t a n c e  of approximately 1 m a long  t h e  1.93-m-long r a i l  a t  t h e  
maximum energy l e v e l  of  5 MJ. Measured time h i s t o r i e s  o f  t h e  p re s su re  i n  t h e  
d r i v e r  v e s s e l  revea led  t h e  e x i s t e n c e  o f  a series o f  s t r o n g  shocks gene ra t ed  i n  
t h e  hel ium d r i v e r  as t h e  r e s u l t  o f  t h e  arc discharge;  t h i s  nonuniformity i n  
d r ive r -gas  p re s su re  w i t h  time r e s u l t e d  i n  a deg rada t ion  i n  t h e  wal l -pressure  
time h i s t o r i e s  i n  t h e  d r iven  s e c t i o n .  A number o f  problems w i t h  t h e  hardware 
were encountered,  r e s u l t i n g  i n  a long  turnaround time f o r  t h e  para l le l - ra i l  sys-  
tem; s o l u t i o n s  t o  many o f  t h e  problems are d i scussed .  Because o f  t h e  long  turn-  
around time, only  a l i m i t e d  number of tests were performed t o  e v a l u a t e  expansion- 
tube performance. These tests revea led  t h a t  t h e  a rc -d r ive  mode inc reased  f a c i l i t y  
performance i n  terms o f  gene ra t ion  o f  h i g h e r  v e l o c i t i e s ,  but  t e s t - s e c t i o n  f low 
q u a l i t y ,  f o r  t h e  c o n d i t i o n s  o f  t h i s  s t u d y ,  was poor. 

I N T R O D U C T I O N  

A s  d i scussed  i n  r e f e r e n c e  1 ,  i d e a l i z e d  performance p r e d i c t i o n s  for t h e  
expansion tube  ( r e f .  2 )  and t h e  expansion t u n n e l  ( r e f .  3 )  i n d i c a t e d  t h a t  free- 
stream d e n s i t y  and v e l o c i t y  could be v a r i e d  ove r  wide  ranges.  T h i s  v e r s a t i l i t y  
i n  performance cou ld ,  t h e o r e t i c a l l y ,  be achieved by proper  s e l e c t i o n  of param- 
e te rs  such as t h e  d r i v e r  mode, t h e  i n i t i a l  p r e s s u r e s  i n  t h e  v a r i o u s  chambers, 
and t h e  p r o p o r t i o n a t e  chamber l e n g t h s .  Thus t h e  f a c i l i t y  c o n s i s t i n g  of t h e  
Langley 6-inch expansion tube and t h e  Langley expansion t u n n e l  was designed f o r  
a number of d i f f e r e n t  modes o f  ope ra t ion .  Its development has  c o n s i s t e d ,  i n  



p a r t ,  of t h e  s t u d y  of s e v e r a l  o f  these combinations o f  o p t i o n s  i n  o r d e r  t o  
compare the  a c t u a l  performance o f  t h e  expansion t u b e  w i t h  its p r e d i c t e d  
performance 

I n  an expansion t u n n e l  t h e  test  g a s  undergoes two expansion processes .  
The first is an uns teady  expansion (ref.  2 )  which produces t h e  f low s ta te  a t  
the  expansion-tube e x i t  o r  expansion-tunnel nozz le  e n t r a n c e ;  t h e  second is  a 
s t e a d y  expansion as t h e  flow t r a v e r s e s  t h e  nozz le .  For t h i s  second expans ion ,  
t h e  v e l o c i t y  change between t h e  nozz le  e n t r a n c e  and nozz le  e x i t  i s  r e l a t i v e l y  
small ( ref .  41, whereas t h e  d e n s i t y  change i n  t h e  nozz le  expansion is  dependent 
on the  nozz le  area r a t i o  and may decrease s i g n i f i c a n t l y .  I f  t h e  d e n s i t y  o f  t he  
nozz le  e n t r a n c e  f low is  t o o  small, t h e  cor responding  lower d e n s i t y  a t  t h e  noz- 
z l e  e x i t  may produce u n d e s i r a b l e  effects  such as l o s s  o f  s c h l i e r e n  s e n s i t i v i t y ,  
long  chemical r e l a x a t i o n  rates, o r  noncontinuum flow. Thus, i n  t h e  case of t h e  
expansion t u n n e l ,  i t  is desirable t o  supp ly  a h igh-dens i ty ,  quas i - s teady  flow 
a t  t h e  nozz le  e n t r a n c e .  

To o b t a i n  t h e  h i g h e r  d e n s i t i e s  r e q u i r e d  f o r  s u c c e s s f u l  expansion-tunnel 
o p e r a t i o n ,  h ighe r  d e n s i t i e s  must be gene ra t ed  i n  t h e  r eg ion  behind t h e  i n c i d e n t  
shock i n t o  the q u i e s c e n t  t e s t  gas .  It is w e l l  recognized t h a t  t h e  same shock 
v e l o c i t y  may be obta ined  a t  h ighe r  test-gas d e n s i t y  l e v e l s  i f  t h e  p r e s s u r e  and 
speed of  sound o f  t h e  d r i v e r  gas are i n c r e a s e d .  T h i s  is  commonly achieved  by 
a r a p i d  discharge of e lec t r ica l  energy ,  s t o r e d  i n  a high-voltage c a p a c i t o r  sys-  
tem, i n t o  a q u i e s c e n t  d r i v e r  gas. For  shock t u b e s ,  t h e  d r i v e r  s e c t i o n s  are,  i n  
g e n e r a l ,  r e l a t i v e l y  s h o r t ,  and a c o a x i a l  e l e c t r o d e  arrangement i s  used i n  which 
t h e  arc is  drawn from an upstream anode a long  t h e  a x i s  t o  an  e l e c t r o d e  i n  the 
v i c i n i t y  of t h e  diaphragm. However, f o r  t he  expansion t u n n e l ,  much longe r  
d r i v e r  l e n g t h s  are required f o r  t h e  h igh-dens i ty  o p e r a t i n g  range. T h i s  i s  due 
t o  t h e  slower i n c i d e n t  shock v e l o c i t i e s  i n t o  t h e  r e l a t i v e l y  h igh-pressure  q u i -  
e s c e n t  t es t  gas r e q u i r e d  f o r  t h e  h igh-dens i ty  o p e r a t i o n  o f  t he  expansion tun- 
n e l ,  as compared w i t h  an a rc -d r iven  shock t u b e .  For these lower i n c i d e n t  shock 
v e l o c i t i e s ,  t he  expansion wave reflected from t h e  end o f  a s h o r t  d r i v e r  t ends  
t o  catch up w i t h  t h e  test gas. A s  r e p o r t e d  i n  r e f e r e n c e  5, arc l e n g t h s  up  t o  
2.54 m have been drawn w i t h  a c o a x i a l  e l e c t r o d e  arrangement.  T h i s  was achieved 
by us ing  a 40-kV c a p a c i t o r  system. For t h e  Langley expansion t u n n e l  t h e  a v a i l -  
able c a p a c i t o r  system is rated a t  12 kV, which is n o t  s u f f i c i e n t  t o  draw an  arc 
the  l eng th  of  t h e  2.44-m-long d r i v e r  s e c t i o n  wi th  a c o a x i a l  e l e c t r o d e  a r range-  
ment such as t h a t  tested i n  r e f e r e n c e  5 .  

To approximate a uniform tempera ture  d i s t r i b u t i o n  a long  t h e  expansion- 
t u n n e l  d r i v e r  s e c t i o n ,  a para l le l - ra i l  e l e c t r o d e  arrangement was des igned  and 
fabricated f o r  t h e  Langley 6-inch expansion tube  ( ref .  6 ) .  Two para l le l  elec- 
t r o d e s ,  o r  r a i l s ,  extend from t h e  upstream end o f  t h e  d r i v e r  s e c t i o n  t o  near  
the  diaphragm a t  t h e  downstream end of t h e  d r i v e r .  These e l e c t r o d e s  are con- 
nec ted ,  through c o a x i a l  e lec t r ica l  leads, t o  t h e  c a p a c i t o r  energy s t o r a g e  sys- 
tem. Upon i n i t i a t i o n  o f  t h e  arc d i scha rge  a c r o s s  these r a i l s ,  t h e  arc moves 
from t h e  upstream end o f  t h e  r a i l s  and a long  t h e  r a i l s  toward t h e  diaphragm by 
means of se l f - induced  e l ec t romagne t i c  f o r c e s .  

The performance of t h i s  para l le l - ra i l  e l e c t r o d e  arrangement as  a method 
f o r  h e a t i n g  the  he l ium d r i v e r  gas i n  t h e  Langley 6-inch expansion tube  is t h e  
s u b j e c t  o f  t h i s  paper .  Cur ren t  and v o l t a g e  measurements were made f o r  a range 
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of i n i t i a l  s t o r e d  energy  l e v e l s ,  and t h e  r e s u l t i n g  p r e s s u r e  time h i s t o r i e s  o f  
t h e  helium d r i v e r  gas were measured, The e f f i c i e n c y  o f  convers ion  from elec- 
t r ical  t o  thermal energy  was i n f e r r e d  from t h e  measured i n c i d e n t  shock v e l o c i t y  
i n t o  the  qu ie scen t  a i r  or  carbon d i o x i d e  t e s t  gas. A l i m i t e d  number o f  runs  
were performed w i t h  in s t rumen ta t ion  l o c a t e d  a t  t h e  t es t  s e c t i o n  of t h e  expan- 
s i o n  t u b e  i n  an effort t o  de te rmine  test  time, f low un i fo rmi ty ,  and flow 
c o n d i t i o n s .  
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SYMBOLS 

magnetic i n d u c t i o n  v e c t o r  

damping exponent,  R/2L 

capac i t ance ,  F 

energy, J 

c u r r e n t ,  A 

c u r r e n t  d e n s i t y  v e c t o r  

inductance ,  H 

pressure, Pa  

p i t o t  p r e s s u r e ,  P a  

charge,  C 

r e s i s t a n c e ,  Q 

r e s i s t a n c e  f o r  c r i t i ca l  damping, Q 

t empera ture ,  K 

time, s 

i n c i d e n t  shock v e l o c i t y ,  m / s  

p o t e n t i a l  d i f f e r e n c e ,  V 

volume, m 

a x i a l  d i s t a n c e  downstream of primary diaphragm, m 

r a t i o  of s p e c i f i c  h e a t s  

phase a n g l e ,  a r c  t a n  (a ’ /b)  

3 
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T1 e f f i c i e n c y  (see eq. ( 1 ) )  

w = l/p, rad/s 

w '  - \lw71_b2, rad/s 

S u b s c r i p t s :  

d d r i v e r  

i i n i t i a l  c o n d i t i o n s  i n  d r i v e r  v e s s e l  

max maximum 

1 i n i t i a l  s t a t e  i n  i n t e r m e d i a t e  o r  d r i v e n  s e c t i o n  

4 d r ive r -gas  c o n d i t i o n s  a t  time o f  primary diaphragm r u p t u r e  

10 i n i t i a l  s ta te  i n  a c c e l e r a t i o n  s e c t i o n  

DESCRIPTION OF SYSTEM 

A sketch of  t h e  Langley 6-inch expansion tube  i s  p resen ted  i n  f i g u r e  1,  
and a d e s c r i p t i o n  and i n i t i a l  o p e r a t i n g  performance of  t h e  f a c i l i t y  and its 
a s s o c i a t e d  equipment are g iven  i n  r e f e r e n c e  6. 

The p a r a l l e l - r a i l  electric-arc assembly was designed f o r  t h e  2.44-m-long, 
35.6-cm i n s i d e  diameter, d r i v e r  v e s s e l  shown i n  f i g u r e  2 .  The d r i v e r  v e s s e l  
was fabricated from ASTM A336 Type F8-304 s t a i n l e s s  s teel  (nonmagnetic),  and 
designed t o  wi ths t and  a maximum p r e s s u r e  of 138 Pa. 
components of  t h e  e l e c t r i c - a r c  d r i v e  assembly are shown i n  f i g u r e  3. The 
i n s u l a t o r s  are made of  fiberglass and epoxy r e s i n ,  excep t  f o r  t h e  f luo rogreen  
i n s u l a t o r  a t  t h e  upstream end o f  t h e  assembly j u s t  behind t h e  trigger-wire con- 
n e c t i o n .  The p a r a l l e l  rai ls  were fabricated from be ry l l i um copper ,  are 2.08 m 
long ,  and ex tend  from t h e  c o a x i a l  feed t o  w i t h i n  21 cm o f  t he  s teel  diaphragm a t  
the  downstream end of  t h e  d r i v e r  ves3e l .  The r a i l s  are b o l t e d  t o  t h e  main insu-  
l a t o r ,  which has a 35.6-em o u t s i d e  diameter and a 27.6-cm i n s i d e  diameter, bo th  
t o  suppor t  t h e  we igh t  of t h e  r a i l s  and t o  wi ths t and  t h e  p o s s i b l e  l o a d i n g  from 
t h e  p res su re  d i f f e r e n t i a l s  a c r o s s  t h e  ra i ls .  The rails  are spaced 20.3 cm a p a r t  
and each r a i l  is 4 cm from t h e  d r i v e r  v e s s e l  wall. A trigger wire was anchored 
i n  the  ground p o t e n t i a l  r a i l  about 30 cm from the  upstream end of  t he  assembly, 
looped up n e a r  t h e  h igh -po ten t i a l  r a i l ,  and then  connected t o  the trigger-wire 
lead. 

Photographs o f  v a r i o u s  

Unreported exper ience  wi th  a paral le l - ra i l  electric-arc d r i v e  assembly i n  
t he  Langley p i l o t  model expansion t u b e  (see ref. 7 f o r  a d e s c r i p t i o n  of t h i s  
f a c i l i t y )  i n d i c a t e d  t h a t  high c u r r e n t s  i n  t h e  ra i l s  c l o s e  t o  t h e  d r i v e r  v e s s e l  
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walls induced eddy c u r r e n t s  i n  t h e  walls. 
n e t i c  f i e lds  produced by these c u r r e n t s  and t h e  c u r r e n t s  i n  t h e  ra i l s  r e s u l t e d  
i n  f o r c e s  on t h e  rails large enough t o  d r i v e  them t o g e t h e r  and cause f a i l u r e  a t  
t h e  j u n c t u r e  of t h e  rails  and t h e  c o a x i a l  feed. Based on t h i s  expe r i ence ,  t h e  
spac ing  of  t h e  rails  and t h e  d i s t a n c e  from t h e  rails  t o  t he  wall were chosen 
t o  ba lance  the  f o r c e s  due t o  t h e  c u r r e n t  i n  t h e  two ra i l s  and t h e  eddy c u r r e n t s  
i n  t h e  v e s s e l  walls,  

The i n t e r a c t i o n  o f  t h e  electromag- 

A-schematic of t h e  e lec t r ica l  c i r cu i t  is  shown i n  f i g u r e  4 .  The energy 
t o  d r i v e  the  e l e c t r i c - a r c  discharge i s  s t o r e d  i n  a 10-MJ c a p a c i t i v e  energy 
s t o r a g e  system t h a t  is  shared  w i t h  t h e  arc-dr iven  Langley 6-inch shock t u b e  
( re f .  8 ) .  Th i s  system c o n s i s t s  of  f o u r  banks of  c a p a c i t o r s  and a charg ing  
u n i t .  
c a p a c i t o r s  ( f i g .  3 ( g ) ) ,  and these i n d i v i d u a l  c a p a c i t o r s  are rated a t  12 000 V 
and 43 PF of  capac i t ance .  Groups of 10 c a p a c i t o r s  are connected by means of 
a c o a x i a l  cab le  t o  a c o a x i a l  c o l l e c t o r  assembly ( f i g .  3 ( f ) ) .  One c o l l e c t o r  
s e r v e s  each bank of  800 c a p a c i t o r s .  T h i s  p e r m i t s  t h e  banks t o  be used  sepa- 
r a t e l y  o r  i n  p a r a l l e l .  A c o a x i a l  feed ( f i g .  3 ( e ) )  leads from t h e  c o l l e c t o r  
t o  the  paral le l - ra i l  assembly i n  t h e  d r i v e r  v e s s e l .  The energy s t o r a g e  capac- 
i t o r s  are charged through t h e  c o l l e c t o r  assembly by means o f  c a b l e s  l e a d i n g  t o  
t he  cha rg ing  u n i t .  

Each bank o f  c a p a c i t o r s  is made up o f  approximately 800 i n d i v i d u a l  

The energy f o r  t h e  t r i g g e r  wire i s  s t o r e d  i n  one group of  10 c a p a c i t o r s  
t h a t  are charged concur ren t ly  w i t h  t h e  main bank o f  c a p a c i t o r s .  A s w i t c h  is 
used t o  connect t h e  bank of 10 c a p a c i t o r s  t o  t h e  c o a x i a l  c a b l e  l e a d i n g  t o  t h e  
tr igger wire t o  i n i t i a t e  t h e  d i s c h a r g e .  

THEORY OF OPERATION 

The o p e r a t i o n  of t h e  para l le l - ra i l  e lec t r ic  arc i s  based on t h e  well-known 
law of  i n t e r a c t i o n  of e l ec t romagne t i c  f i e l d s  produced by a d j a c e n t  cu r ren t - ca r ry ing  
conductors .  The d r i v e r " v e s s e 1  i s  evacuated and t h e n  f i l l e d  w i t h  helium. ( I n  
the  p r e s e n t  s t u d y ,  t he  qu ie scen t  helium d r ive r -gas  pressure was 2.07 Pa.)  
tr igger wire is ene rg ized  and evapora t ed ,  forming a low-res i s tance  p a t h  between 
t h e  two ra i ls ,  Curren t  moves down one r a i l ,  a long  t h i s  low-res i s tance  p a t h ,  
and back a long  the  o t h e r  r a i l .  The heated column o f  helium plasma acts  as a 
cu r ren t - ca r ry ing  conductor ,  r e s u l t i n g  i n  an  i n t e r a c t i o n  w i t h  t h e  e l ec t romagne t i c  
f i e l d s  produced by t h e  c u r r e n t s  i n  the , ra ip .  
or  arc ,  is due t o  tQe vec to r  product 
i n  r e f .  9 1 ,  where J is  t h e  c u r r e n t  d e n s i t y  v e c t o r  i n  t h e  c i r c u i t  and B i s  t h e  
magnetic f i e l d  v e c t o r  genera ted  by t h e  presence o f  c u r r e n t  i n  t h e  r a i l s .  The 
f o r c e  on t h e  helium gas plasma conducting t h e  c u r r e n t  between t h e  rails  moves t h e  
plasma a t  a r i g h t  ang le  t o  both t h e  d i r e c t i o n  of  c u r r e n t  f low i n  t h e  plasma and 
the d i r e c t i o n  o f  t he  magnetic f i e l d  produced by t h e  c u r r e n t  i n  t h e  ra i l s .  The 
d i r e c t i o n  of t h i s  f o r c e  is  parallel  t o  t h e  l e n g t h  of  t h e  ra i l s  and o r i e n t e d  toward 
the  p o r t i o n  of t he  ra i l s  i n  which the  c u r r e n t  is  no t  flowing. 
of helium gas moves down the  l e n g t h  of t h e  r a i l  under t h e  i n f l u e n c e  of  t h e  
f o r c e  and t h e  f l u i d  dynamic drag. 

The 

The f o r c e  on t h i s  plasma column, 
J x B (denoted as t h e  law o f  Bio t  2nd Sava r t  

The plasma column+ 
3 x B 
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Current  and Voltage 

The v o l t a g e  and c u r r e n t  f o r  t h e  electric-arc d r i v e  were measured a t  the  
c o a x i a l  c o l l e c t o r  assembly, as  i n d i c a t e d  i n  t h e  schematic o f  f i g u r e  4 .  
diameter Rogowski ( t o r o i d a l l y  wound) c o i l  was placed around t h e  i n n e r  conductor 
o f  the  c o a x i a l  feed t o  measure t h e  c u r r e n t  ( f i g .  3 ( e ) ) .  The ou tpu t  o f  t h e  c o i l  
is a measure o f  t h e  rate of  change of  t h e  c u r r e n t ,  and t h e  i n t e g r a t i o n  o f  t h i s  
ou tpu t  us ing  an  o p e r a t i o n a l  a m p l i f i e r  y i e l d s  t h e  c u r r e n t  as a f u n c t i o n  o f  time. 
High-voltage a t t e n u a t o r  probes were used t o  measure t h e  v o l t a g e  on the  c e n t e r  
h igh -po ten t i a l  lead, t h e  v o l t a g e  on t h e  o u t e r  g round-po ten t i a l  lead, and the  
v o l t a g e  on the  trigger-wire lead. The a t t e n u a t e d  t r i g g e r  v o l t a g e  was used t o  
t r i g g e r  t he  o s c i l l o s c o p e s  on which v o l t a g e ,  c u r r e n t ,  acce l e romete r ,  and t h e  out- 
put s i g n a l s  of  t h e  d r i v e r  pressure t r ansduce r  were recorded .  

A 50-cm- 

Pressure 

The wal l -pressure  time h i s t o r y  i n  t h e  d r i v e r  v e s s e l ,  d r i v e n  s e c t i o n  and 
acce ' l e r a t ion  s e c t i o n ,  and t h e  p i t o t - p r e s s u r e  time h i s t o r i e s  a t  t h e  e x i t  o f  t h e  
a c c e l e r a t i o n  s e c t i o n  were measured w i t h  p i e z o e l e c t r i c  ( q u a r t z )  t r a n s d u c e r s .  The 
ou tpu t  s i g n a l s  were processed by charge a m p l i f i e r s  and recorded  on o s c i l l o s c o p e s .  
S i n c e  p i e z o e l e c t r i c  t r a n s d u c e r s  are s e n s i t i v e  t o  tempera ture ,  a c o a t i n g  of s i l i-  
cone room-temperature-vulcanizing r u b b e r  was a p p l i e d  t o  t h e  s e n s i n g  s u r f a c e  of 
a l l  p re s su re  t r a n s d u c e r s  f o r  thermal p r o t e c t i o n .  C a l i b r a t i o n  of  t h e  t r a n s d u c e r s  
showed no effect o f  t h e  c o a t i n g  on t h e  t r a n s d u c e r  ou tpu t  f o r  a g iven  p r e s s u r e  
a p p l i e d  t o  the sens ing  s u r f a c e .  P i t o t - p r e s s u r e  t r a n s d u c e r s  were p r o t e c t e d  from 
par t ic le  damage by an ove r l app ing  baffle arrangement,  as descr ibed i n  r e f e r e n c e  6 .  

Ve loc i ty  

One method used t o  i n f e r  t h e  i n c i d e n t  shock v e l o c i t y  i n  t h e  d r i v e n  s e c t i o n  
and the  a c c e l e r a t i o n  s e c t i o n  was t h e  microwave i n t e r f e r o m e t e r  system (ref .  IO). 
The a p p l i c a t i o n  o f  t h i s  system t o  t h e  p r e s e n t  f a c i l i t y  i s  desc r ibed  i n  refer- 
ence 6. Because of  i n s u f f i c i e n t  e l e c t r o n  d e n s i t y  a t  t h e  shock f r o n t ,  t he  micro- 
wave system d i d  no t  track t h e  i n c i d e n t  shock i n  t h e  d r i v e n  s e c t i o n  when e i ther  
carbon d iox ide  (CO ) was used  as a t e s t  gas, or a i r  a t  the  h i g h e s t  i n i t i a l  p res -  
s u r e  was used as t e tes t  g a s .  For these c o n d i t i o n s ,  t h e  t ime-o f -a r r iva l  method 
( re f .  11) was used;  t h a t  i s ,  t h e  time o f  shock a r r i v a l  a t  measured i n t e r v a l s  
a long  t h e  l e n g t h  of t h e  t u b e  was detected by p r e s s u r e  t r a n s d u c e r s  and heat t r a n s -  
fer gages mounted f l u s h  w i t h  the  wall s u r f a c e .  
faired curve through t h e  data p l o t t e d  as  a r r i v a l  time a g a i n s t  d i s t a n c e  a long  t h e  
tube .  Only approximate v a l u e s  o f  t h e  i n c i d e n t  shock v e l o c i t y  i n  t h e  d r i v e n  sec- 
t i o n  could be  determined because o f  t h e  l i m i t e d  number o f  ins t rumented  s t a t i o n s  
i n  t h i s  s e c t i o n .  U n c e r t a i n t i e s  i n  t h e  v e l o c i t y  measurements are d i scussed  i n  
r e f e r e n c e  11 .  

Veloc i ty  was determined from a 

6 



DATA REDUCTION 

E f f i c i e n c y  

It is  u s e f u l  t o  determine the  e f f i c i e n c y  o f  t h e  e lectr ic  arc i n  t ransforming  
t h e  e lec t r ica l  energy s t o r e d  i n  t h e  c a p a c i t o r s  t o  i n t e r n a l  energy of t h e  d r i v e r  
gas.  T h i s  e f f i c i e n c y  may then  be used t o  h e l p  p r e d i c t  f a c i l i t y  performance. The 
e f f i c i e n c y  c a l c u l a t i o n  i s  based on t h e  assumption t h a t  t h e  energy t r a n s f e r  is 
completed before  t h e  diaphragm opens ( c o n s t a n t  volume p rocess )  and t h e  heated 
d r i v e r  gas is  i s o t r o p i c .  (See, f o r  example, r e f .  12 f o r  a d i s c u s s i o n  o f  t h e  
e f f i c i e n c y  c a l c u l a t i o n . )  The e f f i c i e n c y  is  then  def ined  as the  change i n  i n t e r -  
n a l  energy of t he  d r i v e r  gas d iv ided  by t h e  i n i t i a l  energy s t o r e d  i n  t h e  capac i -  
t o r s .  Using perfect gas r e l a t i o n s ,  t h e  e f f i c i e n c y  can be expressed as 

where pi is the  i n i t i a l  d r ive r -gas  p r e s s u r e ,  p4 is the  dr iver -gas  pressure 
a t  t h e  time of t h e  primary diaphragm r u p t u r e ,  
chamber, Y4 is the  r a t i o  of  specif ic  heats of  t h e  d r i v e r  gas, and E i s  t h e  
energy s t o r e d  i n  t h e  c a p a c i t o r s .  

v i s  t h e  n e t  volume o f  t h e  d r i v e r  

The e f f i c i e n c y  can be determined from equa t ion  (1 )  i f  t h e  pressure p4 is 
known, s i n c e  de t e rmina t ion  o f  t he  o t h e r  terms on t h e  r i g h t  s i d e  of  t h e  equa t ion  
is s t r a i g h t f o r w a r d .  Measurement o f  t h e  pos td i scha rge  d r i v e r  pressure i s  ve ry  
d i f f i c u l t ,  as w i l l  be shown subsequen t ly ,  and such measurements may n o t  r e p r e s e n t  
t h e  average pressure i n  t h e  d r i v e r  a t  t h e  time of  t h e  diaphragm r u p t u r e .  The 
r ap id  discharge o f  energy a t  some p o i n t  i n  t h e  d r i v e r  v e s s e l  induces  a shock-wave 
system which i s  ve ry  complex as a result  o f  r e f l e c t i o n  from the  d r i v e r  walls, and 
t h u s  a wal l -pressure  measurement i s  dominated by the  i n f l u e n c e  o f  t h e  impinging 
shock waves. 

Because o f  t h e  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  t h e  measurement o f  p4 ,  t h e  e f f i -  
c i ency  is. f r e q u e n t l y  i n f e r r e d  from t h e  v e l o c i t y  of  t h e  i n c i d e n t  shock wave i n  
the  d r i v e n  gas (e.g., refs.  8 and 1 2 ) .  Figure  5 shows a n  example o f  t h e  method 
used.  Real gas  effects  of t h e  d r iven  gas  are cons idered  s i n c e  t h e  c a l c u l a t i o n s  
o f  r e f e r e n c e  13 were used f o r  equ i l ib r ium a i r  and t h e  c a l c u l a t i o n s  o f  r e f e r e n c e  14 
were used f o r  carbon d ioxide  i n  t h i s  method. I n  f i g u r e  5 (which cor responds  t o  
f i g .  5 o f  ref .  131, t h e  shock-wave v e l o c i t y  i s  shown as a f u n c t i o n  o f  t h e  d ia -  
phragm pressure r a t i o  p4/p1 f o r  s e v e r a l  v a l u e s  of t h e  d r ive r -gas  temperature 
T4 .  Using the  i n i t i a l  diaphragm pressure r a t i o  pi/pl and n o t i n g  t h a t  a t  con- 
s t a n t  volume 
Using the  dashed curve  and t h e  measured shock-wave v e l o c i t y ,  an  e f f e c t i v e  dia-  
phragm pressure r a t i o ,  and hence a va lue  of  p may be determined. The e f f i -  
c i ency  may be determined w i t h  t h e  use of  e q u a t i o n  ( 1 ) .  

p4/pi = T4/Ti = T 4 / T 1 ,  t h e  dashed curve i n  f i g u r e  5 is c o n s t r u c t e d .  

4' 

While the v a l u e s  o f '  p4 determined by t h e  method j u s t  desc r ibed  are some- 
what h y p o t h e t i c a l ,  t h e  e f f i c i e n c y  computed u s i n g  t h i s  v a l u e  o f  p4 can  be mean- 



i n g f u l .  When t h e  observed sh.ock v e l o c i t y  is used i n  computing t h e  e f f i c i e n c y ,  
t h e  r e s u l t  i n c l u d e s  not  on ly  t he  energy t r a n s f e r  e f f i c i e n c y  bu t  a l s o  t h e  nonidea l  
effects  of t h e  shock formation process .  Thus, performance estimates us ing  t h i s  
e f f i c i e n c y  may be expected t o  g i v e  r e a l i s t i c  estimates of t h e  shock v e l o c i t y .  

C i r c u i t  Cons tan ts  

The inductance ,  r e s i s t a n c e ,  v o l t a g e ,  and c u r r e n t  of t h e  e l ec t r i ca l  c i r c u i t  
were determined i n  t he  p resen t  s t u d y ,  s i n c e  a knowledge o f  t h e  va lues  o f  these 
parameters can be o f  h e l p  when an  e f f o r t  i s  made t o  improve t h e  des ign  and effi-  
c i ency  of  t h e  electric-arc-discharge system, A s  d i scussed  p rev ious ly ,  v o l t a g e  
and c u r r e n t  were measured as a f u n c t i o n  o f  time and t y p i c a l  r eco rds  o f  t h e  v o l t a g e  
and c u r r e n t  du r ing  discharge are shown i n  f i g u r e  6 .  To o b t a i n  approximate va lues  
of inductance  and r e s i s t a n c e  s e v e r a l  assumptions are made. F i r s t ,  t h e  cont r ibu-  
t i o n  o f  t he  r e s i s t a n c e  and inductance  of  t h e  s t o r a g e  c a p a c i t o r s ,  c o a x i a l  cables, 
and c o a x i a l  c o l l e c t o r s  is assumed t o  be  n e g l i g i b l e  compared w i t h  t h a t  o f  t he  
c o a x i a l  feed,  paral le l  r a i l ,  and arc dur ing  t h e  time o f  discharge o f  e lec t r ica l  
energy ( f i g .  4 ) .  Second, t h e  induc tance  L ,  r e s i s t a n c e  R ,  and capac i t ance  C 
are assumed c o n s t a n t ,  a l though i t  is  r e a l i z e d  t h a t  L and R i n  a n  arc may v a r y  
w i t h  c u r r e n t .  With these assumptions,  t h e  l i n e a r  o rd ina ry  d i f f e r e n t i a l  equa t ion  
for t h e  charge. i n  an  e lec t r ica l  c i r c u i t ,  w i t h  r e s i s t a n c e ,  c a p a c i t a n c e ,  and induc- 
t a n c e  i n  ser ies ,  is 

The s o l u t i o n  for an  o s c i l l a t o r y ,  o r  underdamped, c o n d i t i o n  wi th  an  i n i t i a l  con- 
d i t i o n  of  ze ro  c u r r e n t  and charge Q equa l  t o  t h e  charge on t h e  s t o r a g e  capac- 
i t o r s  i s  

3 .  r h 

which can be reduced t o  

where 

( 5 )  W '  
1 /2 

, 6 arc t a n  - 
b 

b = L  w = (LC)-ll2 , w '  = (w2 - b2) 
2L 
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I n  terms of t h e  v o l t a g e  a c r o s s  t h e  c a p a c i t o r s ,  t h e  r e l a t i o n  Q = CV y i e l d s  

S ince  t h e  c u r r e n t  is t h e  rate o f  change of t he  charge ,  t hen  by d i f f e r e n t i a t i o n  
of equa t ion  ( 4 )  t h e  c u r r e n t  is  

Measurement o f  t h e  time a t  which the  c u r r e n t  goes  t o  ze ro  g i v e s  a v a l u e  f o r  
from equa t ion  (71 ,  and t h i s  va lue  of w '  and t h e  time a t  which t h e  v o l t a g e  goes 
t o  z e r o  g i v e s  a v a l u e  f o r  6 from equa t ion  ( 6 ) .  For these v a l u e s  of  u' and 
6 ,  cor responding  v a l u e s  f o r  b and w, and hence L and R ,  may be  c a l c u l a t e d  
by u s i n g  r e l a t i o n s  i n  equa t ion  ( 5 )  and t h e  known va lue  o f  t h e  c a p a c i t a n c e  C i n  
t h e  energy s t o r a g e  system. 

w '  

A s  mentioned p rev ious ly  the  v o l t a g e  and c u r r e n t  were measured a t  t h e  c o a x i a l  
c o l l e c t o r  assembly, and thus  t h e  c a l c u l a t e d  inductance  and r e s i s t a n c e  v a l u e s  are 
t h e  lumped va lues  f o r  the  e n t i r e  c i r c u i t .  A va lue  f o r  t h e  e f f e c t i v e  inductance  of 
t h e  c i r c u i t  p receding  the  poin t  a t  which t h e  v o l t a g e  i s  measured ( f i g .  4)  can be 
determined by measuring t h e  i n i t i a l  v o l t a g e  a t  t h e  c o l l e c t o r  and t h e  i n i t i a l  ra te  
of change of c u r r e n t ,  both measured a t  t h e  time c u r r e n t  beg ins  t o  flow. 

TEST CONDITIONS 

The volume of  t h e  d r i v e r  v e s s e l  w i t h  t h e  p a r a l l e l - r a i l  assembly i n s t a l l e d  
For a l l  tests r e p o r t e d  h e r e i n ,  t h i s  volume was first evacuated was 0.0964 m3. 

t o  approximately 15 Pa  and then  f i l l e d  w i t h  helium t o  a pressure of 2.07 MPa. 
The energy l e v e l  was determined by t h e  charge v o l t a g e  and t h e  use  o f  e i ther  one 
or  two banks of c a p a c i t o r s .  The capac i t ance  of  each bank of 800 c a p a c i t o r s  was 
0.0347 F .  The maximum energy a v a i l a b l e  i n  each bank was 2.5 M J .  

A s  noted i n  r e f e r e n c e  6 ,  a s t a i n l e s s  steel  diaphragm w i t h  a c r o s s - p a t t e r n  
groove separates t h e  d r i v e r  and i n t e r m e d i a t e  s e c t i o n s .  For t h e  p r e s e n t  tes ts ,  
the  diaphragm was 5.1 mm t h i c k  and t h e  groove was scribed t o  a d e p t h  such t h a t  
t h e  t h i c k n e s s  o f  metal l e f t  was 2 .5  mm. The s t a t i c  r u p t u r e  p r e s s u r e  f o r  t h i s  
diaphragm was approximately 24 MPa. 
s i o n  tube  and a shock tube .  For t h e  expansion-tube mode o f  o p e r a t i o n ,  t h e  i n t e r -  
mediate s e c t i o n  was 4.65 m long  and the  a c c e l e r a t i o n  s e c t i o n  was 16.98 m long. A 
6.35-Nm-thick mylar diaphragm separated t h e  i n t e r m e d i a t e  and a c c e l e r a t i o n  sec- 
t i o n s .  For shock-tube runs ,  t h e  mylar diaphragm was removed, p rov id ing  a d r iven  
s e c t i o n  l eng th  e q u a l  t o  21.63 m .  

The f a c i l i t y  was ope ra t ed  both as a n  expan- 
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The tes t  gas was either a i r  or  CO The qu ie scen t  o r  i n i t i a l  p r e s s u r e s  f o r  2 '  C02 were 24.13 and 48.26 kPa, and the  i n i t i a l  p r e s s u r e s  f o r  a i r  were 6.89 and 
48,26 kPa. For expansion-tube tests, t h e  a c c e l e r a t i o n  gas was t h e  same as t h e  
tes t  gas, except  f o r  one run  i n  which helium was used as t h e  a c c e l e r a t i o n  gas  
and a i r  as the  test  gas. I n i t i a l  c o n d i t i o n s  f o r  t h e  tests repor t ed  h e r e i n  are 
g iven  i n  tab le  1. 

RESULTS AND DISCUSSION 

Values of t he  r e s i s t a n c e ,  i nduc tance ,  and frequency o f  t h e  c i r c u i t  f o r  each 
run ,  as determined from t h e  v o l t a g e  and c u r r e n t  time h i s t o r i e s ,  are g iven  i n  
table 2.  The inductance  o f  t h e  c i r cu i t  i s  approximately 0.55 PH and t h e  resis- 
t a n c e  ranges  from approximate ly  2 t o  4 ma. The inductance  of  t h e  c i r cu i t  from 
t h e  energy s t o r a g e  c a p a c i t o r s  t o  t h e  c o l l e c t o r  was determined t o  be  approximate ly  
0.04 PH. The r e s i s t a n c e  of  t h i s  p a r t  o f  t h e  c i rcu i t  could no t  be determined from 
measurements bu t  was c a l c u l a t e d  t o  be ex t remely  small, s i n c e  a l l  cables and 
c a p a c i t o r s  were i n  para l le l .  

The measured v a l u e s  o f  maximum c u r r e n t  f o r  v a r i o u s  v a l u e s  o f  i n i t i a l  s t o r e d  
energy  are shown i n  f igure 7. These measured va lues  are compared w i t h  p r e d i c t e d  
v a l u e s  of maximum c u r r e n t  u s i n g  equa t ion  ( 7 ) .  
0.55 UH, was used t o  p r e d i c t  t h e  c u r r e n t  f o r  v a l u e s  of  r e s i s t a n c e  equa l  t o  2 ,  3 ,  
and 4 ma f o r  bo th  one and two banks o f  c a p a c i t o r s  ( C  = 0.0347 and 0.0694 F ,  
r e s p e c t i v e l y ) .  For t h e  range of  c o n d i t i o n s  i l l u s t r a t e d  i n  f i g u r e  7, t h e  expe r i -  
mental  data e s s e n t i a l l y  f a l l  w i t h i n  t h e  r e g i o n  encompassed by t h e  p r e d i c t i o n s  
f o r  va lues  o f  r e s i s t a n c e  equal t o  2 and 3 ma f o r  both one and two banks o f  capac- 
i t o r s .  Hence, t h e  s i m p l i f y i n g  assumptions made t o  o b t a i n  equa t ions  ( 3 )  t o  ( 7 )  
appear t o  be r easonab ly  good f o r  t h e  p re sen t  s tudy .  T h i s  a n a l y s i s  demonst ra tes  
t h a t  maximum v a l u e s  of c u r r e n t  f o r  t h e  p r e s e n t  e lec t r ica l  system can be  p red ic t ed  
w i t h  f a i r  accuracy  by us ing  a va lue  of inductance  L e q u a l  t o  0.55 PH and a v a l u e  
o f  R 
and e n e r g i e s  from 1.74 t o  5.0 MJ. 

A nominal v a l u e  o f  t h e  induc tance ,  

equa l  t o  2 .5  ms2 f o r  v a l u e s  of  c a p a c i t a n c e  ranging  from 0.0347 t o  0.0694 F 

It should be noted t h a t  t he  r e s i s t a n c e  v a l u e s  determined i n  t h e  p re sen t  
experiment were no t  the  n e t  r e s i s t a n c e  a c r o s s  t h e  a rc ,  s i n c e  they  inc luded  t h e  
r e s i s t a n c e  from t h e  p o i n t s  o f  v o l t a g e  measurement t o  t h e  a r c  l o c a t i o n .  
n e i t h e r  the  v a l u e  of  t h e  v o l t a g e  drop a c r o s s  t h e  a r c  nor t h e  ne t  arc r e s i s t a n c e  
was obta ined  i n  t h e  p re sen t  experiment,  i t  was no t  p o s s i b l e  t o  de te rmine  a mea- 
sured  va lue  o f  e l e c t r i c a l  energy expended i n  t h e  arc.  

S ince  

Measured p r e s s u r e s  i n  t h e  d r i v e r  v e s s e l  are presented  i n  f i g u r e  8 as a func- 
t i o n  of time. A va lue  of time equal t o  ze ro  cor responds  t o  t h e  i n i t i a l  i n c r e a s e  
i n  p r e s s u r e  above the  q u i e s c e n t  v a l u e ,  as read from o s c i l l o s c o p e  f i l m  traces. 
Th i s  i n i t i a l  rise i n  p re s su re  occurred  from 500 t o  700 us af te r  arc i n i t i a t i o n  
(denoted by t = 0 i n  f i g .  6 ) .  The t h e o r e t i c a l  va lue  o f  t h e  d r i v e r  pressure.  p4 
f o r  100-percent e f f i c i e n c y ,  as obta ined  from equa t ion  ( I ) ,  i s  i n d i c a t e d  by a 
dashed l i n e .  The acce lerometer  ou tpu t  s i g n a l  was used t o  i n f e r  t h e  s t a r t  o f  t h e  
diaphragm r u p t u r e .  I n t e r p r e t a t i o n  of t h e  acce lerometer  s i g n a l s  was s p e c u l a t i v e  
and t h u s  t h e  opening times denoted i n  f i g u r e  8 must be viewed as rough estimates. 
A s  mentioned p rev ious ly ,  t h e  s teel  diaphragms used i n  these tests r u p t u r e  s t a t i -  
ca l ly  a t  an a p p l i e d  p r e s s u r e  o f  about 24 MPa, and t h e  c a l c u l a t e d  opening time f o r  



t h i s  diaphragm and a p p l i e d  p r e s s u r e  ( ref ,  11) is about' 450 t o  500 ps. Now, v e r y  
high peak p r e s s u r e s  were recorded e a r l y  be fo re  appa ren t  diaphragm r u p t u r e .  
Osc i l loscope  r eco rds  i n d i c a t e d  t h a t  d i s t u r b a n c e s  on t h e  p r e s s u r e  t r a n s d u c e r  out -  
put due t o  t h e  arc d i s c h a r g e  have subs ided  b e f o r e  t h e  t r a n s d u c e r  expe r i ences  t h e  
i n i t i a l  d r ive r -gas  p r e s s u r e  i n c r e a s e  shown i n  f i g u r e  8. Similar unrepor ted  mea- 
surements i n  t h e  d r i v e r  s e c t i o n  o f  t h e  a rc-dr iven  Langley 6-inch shock t u b e  
(ref. 8 ) ,  i n  which the  p res su re  p o r t  was blocked t o  i s o l a t e  the  p res su re  t r a n s -  
ducer  from t h e  d r i v e r  pressure, demonstrated t h a t  a c c e l e r a t i o n  effects  on t h e  
t r ansduce r  output  were n o t  s i g n i f i c a n t .  Hence, t h e  data i n  f i g u r e  8 are be l i eved  
t o  be a good i n d i c a t i o n  o f  t h e  l o c a l - p r e s s u r e  time h i s t o r y .  These peaks i n d i c a t e  
t he  e x i s t e n c e  of a system of  shocks from the  e l e c t r i c - a r c  discharge, implying non- 
uniform hea t ing  o f  t he  helium d r i v e r ,  and t h e  r e f l e c t i o n  o f  these shocks from t h e  
diaphragm. As t h e  diaphragm opens,  t h e  p r e s s u r e  drops  r a p i d l y  as a r e s u l t  of t h e  
expansion wave propagat ing  i n t o  t h e  d r i v e r  gas. The r ise i n  p r e s s u r e  a t  la ter  
times i n d i c a t e s  the  passage of t h e  shock (emanating from the  arc discharge) t h a t  
is reflected from the  upstream s u r f a c e  of t h e  r a i l  assembly. Examination o f  t h e  
r a i l  s u r f a c e s  after t h e  5-MJ run i n d i c a t e d  t h e  arc had t r a v e l e d  approximate ly  
1 .0  m down t h e  r a i l  from i ts  i n i t i a l  l o c a t i o n  d u r i n g  t h e  time o f  arc discharge. 
Again, t h i s  t r a v e l  i m p l i e s  t he  he l ium d r i v e r  gas was not  heated uniformly a long  
t h e  2.44-m l e n g t h .  

The e f f i c i e n c y  of energy convers ion  i n  the  d r i v e r  was determined from t h e  
i n c i d e n t  shock v e l o c i t y  measured i n  t he  i n t e r m e d i a t e  s e c t i o n  o f  t he  expansion 
tube  or  i n  t he  d r i v e n  s e c t i o n  i n  t h e  shock-tube mode of  o p e r a t i o n ,  as d i s c u s s e d  
p rev ious ly .  
of the pr imary diaphragm is shown i n  f i g u r e  9 f o r  a i r  as t h e  test g a s .  The va l -  
ues o f  i n c i d e n t  shock v e l o c i t y  w i t h  d i s t a n c e  were obta ined  from microwave traces,  
and t h e  maximum value  was used t o  de te rmine  t h e  cor responding  va lue  of from 
simple shock-tube t h e o r y  ( r e f .  l l ) ,  and hence t h e  e f f i c i e n c y .  These v a l u e s  of 
e f f i c i e n c y  are shown i n  f i g u r e  10 as a f u n c t i o n  of  i n i t i a l  energy  E f o r  a i r  
and CO as t e s t  gases. Roughly, t h e  e f f i c i e n c y  v a r i e s  from 65 t o  85 pe rcen t  f o r  
a i r  an$ from 30 t o  60 pe rcen t  f o r  60 . 
t y p i c a l  o f  those  ob ta ined  i n  o t h e r  e f e c t r i c - a r c - d r i v e n  f a c i l i t i e s  ( f o r  example, 
see refs. 5 and 8 ) .  I n  g e n e r a l ,  t he  e f f i c i e n c y  t e n d s  t o  decrease w i t h  i n c r e a s i n g  
energy. Such a t r e n d  has been observed i n  o t h e r  s t u d i e s .  However, as a r e s u l t  
of the  v a r i a t i o n  i n  t h e  number o f  c a p a c i t o r s ,  t h e  test gas,  and t h e  i n i t i a l  tes t -  
gas pressure f o r  t h e  data of  f i g u r e  IO, no d e f i n i t e  conc lus ions  can be  drawn con- 
ce rn ing  t h e  v a r i a t i o n  of  e f f i c i e n c y  wi th  energy. 

T y p i c a l  v a r i a t i o n  of t h i s  v e l o c i t y  w i t h  a x i a l  d i s t a n c e  downstream 

p4 

The magnitude of  these e f f i c i e n c i e s  is 

The v a r i a t i o n  o f  t h e  measured i n c i d e n t  shock v e l o c i t y  i n  t h e  i n t e r m e d i a t e  
s e c t i o n  of  t h e  expansion tube a t  v a r i o u s  energy l e v e l s  is presented  i n  f i g u r e  1 1 .  
The v e l o c i t i e s  were determined from microwave r e c o r d s  f o r  a i r  as t h e  test  gas and 
from t ime-of -ar r iva l  r eco rds  f o r  C 0 2  as the  t e s t  gas. 
f o r  air  as t h e  tes t  gas and t h e  v a l u e s  a t  t h e  secondary diaphragm s t a t i o n  
(x  = 4.67 m )  f o r  a i r  and C 0 2  as t e s t  gases are shown. 
number of  instrumented s t a t i o n s  i n  t h e  i n t e r m e d i a t e  s e c t i o n ,  t h e  maximum va lue  of  
the i n c i d e n t  shock v e l o c i t y  f o r  C 0 2  as the  t e s t  gas could no t  be i n f e r r e d  from 
t ime-o f -a r r iva l  data. For a i r  as t h e  t es t  gas a t  t h e  lowes t  energy l e v e l s ,  t h e  
maximum value  of t h e  shock v e l o c i t y  i n  t h e  i n t e r m e d i a t e  s e c t i o n  occurs  a t  t h e  
diaphragm l o c a t i o n .  A t  t he  h ighe r  energy l e v e l s ,  cor responding  t o  t h e  h ighe r  
va lues  of i n c i d e n t  shock v e l o c i t y ,  t he  maximum va lue  of  t h e  shock v e l o c i t y  occur s  
a t  a l o c a t i o n  ahead o f  t h e  diaphragm. T h i s  t r e n d  c o n t r a s t s  w i t h  t h e  r e s u l t s  of  

Both the  maximum v a l u e s  

A s  a r e s u l t  o f  t h e  small 
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s e v e r a l  shock-tube i n v e s t i g a t i o n s  which i n d i c a t e  t h a t  when shock s t r e n g t h  is 
i n c r e a s e d ,  t h e  l o c a t i o n  o f  t h e  maximum v a l u e  o f  shock v e l o c i t y  i n  t h e  d r i v e n  sec- 
t i o n  moves downstream (ref. 11).  A t  t h e  h i g h e s t  energy l e v e l ,  t h e  a t t e n u a t i o n  
from t h e  maximum va lue  t o  t h e  va lue  a t  t he  diaphragm s t a t i o n  i s  about 10 p e r c e n t .  

Samples of  t h e  v a r i a t i o n  o f  i n c i d e n t  shock v e l o c i t y  i n  t h e  a c c e l e r a t i o n  gas 
wi th  d i s t a n c e  a long  t h e  a c c e l e r a t i o n  s e c t i o n  are shown i n  f i g u r e  12. These data 
were obta ined  w i t h  t h e  microwave technique .  For t h e  lowes t  energy l e v e l s ,  a 5- 
t o  IO-percent a t t e n u a t i o n  i n  t h e  v e l o c i t y  a long  t h e  l e n g t h  o f  t h e  s e c t i o n  was 
observed f o r  a i r  and C02 as test  gases. 
i t y  is  approximate ly  t h e  same v a l u e  r e p o r t e d  i n  r e f e r e n c e  1 f o r  t h e  same f a c i l i t y  
but w i t h  unheated helium d r i v e r  gas .  The v e l o c i t y  a t t e n u a t i o n  inc reased  with 
i n c r e a s i n g  energy l e v e l  and was about 15 pe rcen t  f o r  t he  h i g h e s t  energy  l e v e l  
( E  = 5 M J ) .  

T h i s  magnitude o f  a t t e n u a t i o n  i n  ve loc-  

The v e l o c i t y  o f  the i n c i d e n t  shock wave a t  t h e  e x i t  o f  t h e  a c c e l e r a t i o n  
s e c t i o n  was s i g n i f i c a n t l y  inc reased  i n  t h e  p r e s e n t  tests as compared w i t h  the  
unheated helium d r i v e r  t es t s  o f  r e f e r e n c e  1 i n  t he  same f a c i l i t y  and f o r  similar 
v a l u e s  of i n i t i a l  a c c e l e r a t i o n - s e c t i o n  p r e s s u r e .  For example, t h e  shock v e l o c i t y  
a t  t h e  end o f  t h e  a c c e l e r a t i o n  s e c t i o n  f o r  a i r  as t h e  test  gas was approximate ly  
4.8 km/s w i t h  unheated helium d r i v e r  gas a t  a p r e s s u r e  of  34.5 MPa, compared wi th  
approximately 7.0 km/s f o r  t h e  h i g h e s t  energy  l e v e l  of  t h e  p r e s e n t  tests.  

Represen ta t ive  time h i s t o r i e s  of  t he  measured wall s t a t i c  p r e s s u r e  i n  t h e  
d r i v e n  and a c c e l e r a t i o n  s e c t i o n s  and t h e  p i t o t  p r e s s u r e  a t  t h e  e x i t  o f  t h e  accel- 
e r a t i o n  s e c t i o n  are presented  i n  f i g u r e  13. The wall pressure i n  t h e  d r iven  sec- 
t i o n  ( f i g .  1 3 ( a ) )  decreases w i t h  time u n t i l  t h e  a r r i v a l  o f  t h e  reflected shock 
observed i n  t h e  d r ive r -gas  p r e s s u r e  r e c o r d s .  T h i s  shock a r r i v e s  from 1 t o  1.5 ms 
after the  i n c i d e n t  shock. Near t h e  e x i t  o f  t h e  a c c e l e r a t i o n  s e c t i o n ,  the  time 
h i s t o r y  of t h e  wall p r e s s u r e  f o r  t h e  lowes t  energy l e v e l  ( f i g .  1 3 ( b ) )  is  similar 
t o  t h a t  r e p o r t e d  i n  r e f e r e n c e  1 f o r  t h e  unheated helium-driver mode o f  o p e r a t i o n .  
However, at t h e  h igher  energy  l e v e l s ,  t he  a c c e l e r a t i o n - s e c t i o n  w a l l  p r e s s u r e $  
decreases r a p i d l y  af ter  t h e  a r r i v a l  o f  t h e  i n c i d e n t  shock i n  t h e  a c c e l e r a t i o n  
gas. Th i s  decrease i n  a c c e l e r a t i o n - s e c t i o n  wall pressure is be l i eved  t o  be  a 
r e s u l t  of bo th  the  n a t u r e  o f  t he  flow and t h e  inadequate  thermal i n s u l a t i o n  of 
the  sens ing  s u r f a c e  of  t h e  flush-mounted p r e s s u r e  t r a n s d u c e r .  (The nega t ive  
d e f l e c t i o n  i n  f i g .  l 3 ( b )  f o r  an  energy of 3.47 MJ i n d i c a t e s  t h e  p r e s s u r e  t r a n s -  
ducer was n o t  adequa te ly  i n s u l a t e d  from thermal effects  ( r e f .  I ) . )  T h i s  hypoth- 
esis t h a t  t h e  decrease i n  w a l l  p r e s s u r e  is  due t o  t h e  n a t u r e  o f  t h e  flow i s  based 
on the  fact t h a t  p re s su re  t r a n s d u c e r s  l o c a t e d  i n  t h e  a c c e l e r a t i o n  s e c t i o n  ups t rean  
of x = 19.7 m a l s o  demonstrated a r a p i d  decrease i n  p r e s s u r e  af ter  i n c i d e n t  
shock a r r i v a l ,  and the  p h o t o m u l t i p l i e r  t r a c e s  i n  f i g u r e  l 3 ( b )  i n d i c a t e  a drop i n  
s i g n a l  concur ren t  wi th  t he  drop  i n  p r e s s u r e .  

P i t o t  p r e s s u r e s  a t  t he  a c c e l e r a t i o n - s e c t i o n  e x i t  are shown i n  f i g u r e  l 3 ( c ) .  
Only two tests were made i n  which p i t o t  p r e s s u r e  was measured, because o f  a numbet 
of hardware problems which were encountered w i t h  t h e  e lec t r ic  d r i v e  system. Thesc 
problems were o f  such a n a t u r e  t h a t  a test  model located a t  t h e  a c c e l e r a t i o n -  
s e c t i o n  e x i t  would have been damaged e x t e n s i v e l y .  Thus a degree o f  conf idence  i n  
t h e  hardware had t o  be es tabl ished be fo re  i n s t a l l i n g  a test  model such  as a p i t o t -  
p re s su re  probe. These p i t o t  pressures a t  t h e  a c c e l e r a t i o n - s e c t i o n  e x i t  ( t e s t  see- 
t i o n )  i n d i c a t e d  ve ry  l i t t l e ,  i f  any, quas i - s teady  t e s t  time f o r  a i r  as t h e  tes t  
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gas.  However, t h e  r e s u l t s  of  r e f e r e n c e  1 i n d i c a t e  time h i s t o r i e s  o f  a c c e l e r a t i o n -  
s e c t i o n  wall p r e s s u r e  and p i t o t  p r e s s u r e  are ve ry  s e n s i t i v e  t o  t he  i n i t i a l  va lue  
of the  acce le ra t ion -gas  p r e s s u r e ,  which was n o t  v a r i e d  i n  t he  tests r e p o r t e d  
h e r e i n .  Therefor? ,  t he  optimum v a l u e s  o f  i n i t i a l  test-gas p r e s s u r e  and i n i t i a l  
acce le ra t ion -gas  p r e s s u r e  f o r  expansion-tube o p e r a t i o n  were no t  ob ta ined  f o r  the  
h i g h e r  flow v e l o c i t i e s  genera ted  w i t h  t h e  arc-heated mode o f  o p e r a t i o n ,  as com- 
pared with those  r e p o r t e d  i n  r e f e r e n c e  1.  

Some of  the  problems u s u a l l y  a s s o c i a t e d  w i t h  e lec t r ic  d r i v e  systems were 
encountered ,  and these w i l l  now be d iscussed  b r i e f l y .  The surfaces o f  t h e  insu-  
l a t o r s  exposed t o  t h e  h o t t e s t  p a r t  o f  t h e  arc d e t e r i o r a t e d  and had t o  be coa ted  
w i t h  room-temperature-vulcanizing rubber  o r  were changed t o  a f luo rogreen  mate- 
r i a l .  Carbon s o o t  created by t h e  extreme tempera tures  i n  t h e  d r i v e r  s e c t i o n  per- 
meated t h e  e n t i r e  i n t e r i o r  of t h e  f a c i l i t y  du r ing  each run  and r equ i r ed  thorough 
c l ean ing  of  t he  f a c i l i t y .  The electric-arc assembly had t o  be withdrawn a f te r  
each run and thoroughly  c leaned  i n  o r d e r  t o  pass an  e l e c t r i c a l  breakdown test ,  
a l though complete disassembly was n o t  necessary .  High-pressure seals conf ined  
the  ho t  gases  and s o o t  t o  t h e  immediate v i c i n i t y  o f  t h e  r a i l  assembly p r i o r  t o  
diaphragm rup tu re .  
( a t  t he  ground p o t e n t i a l )  and t h e  s t ee l  b o l t s  s ecu r ing  the  h i g h - p o t e n t i a l  r a i l  
t o  t h e  l i n e r .  Damage t o  t h e  l i n e r  was e x t e n s i v e ,  b u t  damage t o  t h e  d r i v e r -  
v e s s e l  wall and t h e  ra i l  was s l i g h t .  T h i s  problem was so lved  by  r e p l a c i n g  the  
steel b o l t s  w i t h  nylon b o l t s .  I n  some of  t h e  first tests w i t h  t h i s  arc-heated 
mode of o p e r a t i o n ,  diaphragm tabs were sheared o f f  and swept downstream. The 
i n s t a l l a t i o n  of 3.2-mm-thick brass damper pads and t h e  use o f  t h i c k e r  diaphragms 
solved t h i s  problem. Occas iona l ly ,  one of t h e  c a p a c i t o r s  i n  t h e  energy s t o r a g e  
system fai led dur ing  d i scha rge .  Proper f u s i n g  prevented o t h e r  c a p a c i t o r s  i n  t h e  
bank from d i scha rg ing  i n t o  t h e  f a i l ed  c a p a c i t o r  and caus ing  ex tens ive  damage. 
Mylar s h i e l d s  were a l s o  i n s t a l l e d  on the  i n d i v i d u a l  rows o f  c a p a c i t o r s  t o  
i n c r e a s e  the  c reep  p a t h  of  t h e  breakdown v o l t a g e  and prevent  i n d i v i d u a l  s h o r t s .  

One i n s t a n c e  o f  arc-over occurred  between t h e  d r i v e r  wall 

CONCLUDING REMARKS 

The primary o b j e c t i v e  o f  t h i s  s t u d y  was t o  e v a l u a t e  the  performance o f  a 
paral le l - ra i l  electric-arc system for  g e n e r a t i n g  h igh-dens i ty  t e s t - g a s  flow a t  
t h e  e n t r a n c e  of  t h e  nozz le  o f  t h e  expansion t u n n e l .  A d e s c r i p t i o n  was g iven  of 
t h i s  paral le l - ra i l  electric-arc system f o r  h e a t i n g  t h e  helium d r i v e r  gas i n  t h e  
Langley 6-inch expansion t u b e  and the  Langley expansion t u n n e l .  The e lec t r ica l  
c h a r a c t e r i s t i c s  and t h e  e f f i c i e n c y  o f  t h e  system were i n f e r r e d  from measurements, 
and l i m i t e d  data were obta ined  t o  examine t h e  performance o f  the  expansion tube  
w i t h  t h e  arc d r i v e  and w i t h  a i r  and carbon d i o x i d e  as tes t  g a s e s .  

The maximum value  o f  peak c u r r e n t  ob ta ined  was 2.5 MA w i t h  an i n i t i a l  s t o r e d  
energy of 5 MJ. The e f f i c i e n c y  o f  convers ion  o f  e l e c t r i c a l  energy t o  thermal 
energy of  t he  helium d r i v e r ,  as i n f e r r e d  from shock v e l o c i t y  measurements, was 
approximately 65 t o  85 pe rcen t  w i t h  one c a p a c i t o r  bank (2 .5  MJ) and 30 t o  60 per- 
cen t  when two banks were used. These e f f i c i e n c i e s  were i n f e r r e d  from s i m p l e  
shock-tube theo ry  f o r  thermochemical-equilibrium a i r  and carbon d iox ide  as tes t  
gases, wi th  measured i n c i d e n t  shock v e l o c i t y  as an  i n p u t .  Measured p r e s s u r e s  i n  
the  d r i v e r  s e c t i o n  j u s t  upstream o f  t h e  diaphragm i n d i c a t e d  the e x i s t e n c e  of a 
series of s t r o n g  shocks genera ted  i n  t h e  helium d r i v e r  as a r e s u l t  o f  t h e  arc 
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discharge, rather t h a n , a  s teady  r ise i n  p r e s s u r e  w i t h  time. For t h i s  r eason ,  
measured d r i v e r  p r e s s u r e s  were n o t  used t o  de te rmine  energy  convers ion  e f f i c i e n -  
cies. This system of  shocks i n  t h e  d r i v e r  s e c t i o n  a long  w i t h  t h e  o b s e r v a t i o n  
t h a t  the  arc d i d  n o t  t r a v e l  t h e  f u l l  l e n g t h  o f  t he  parallel  ra i l s ,  even a t  t h e  
h ighes t  energy l e v e l ,  i m p l i e s  t h e  helium d r i v e r  g a s  was n o t  heated uniformly. 

Measured v a l u e s  o f  t h e  i n c i d e n t  shock v e l o c i t y  i n  t h e  i n t e r m e d i a t e  s e c t i o n  
f o r  a i r  as a t e s t  g a s  i n d i c a t e  an i n i t i a l  a c c e l e r a t i o n  o f  t he  shock, followed by 
a d e c e l e r a t i o n .  The l o c a t i o n  a t  which t h e  peak va lue  o f  shock v e l o c i t y  occurred 
moved upstream w i t h  i n c r e a s i n g  shock v e l o c i t y ;  t h i s  d i f f e r s  from t h e  t r e n d  
observed with an unheated helium d r i v e r  gas i n  t h i s  same f a c i l i t y ,  as well as 
from t h e  o b s e r v a t i o n s  o f  a number o f  o t h e r  shock-tube s t u d i e s .  The i n c i d e n t  shock 
v e l o c i t y  i n  t h e  a c c e l e r a t i o n  s e c t i o n  a t t e n u a t e d  along t h e  l e n g t h  o f  t h e  s e c t i o n ,  
and t h i s  a t t e n u a t i o n  inc reased  w i t h  i n c r e a s i n g  energy l e v e l .  A t  t h e  highest  
energy ,  t h e  a t t e n u a t i o n  was approximate ly  15 pe rcen t  a long  the 17-m-long accel- 
e r a t i o n  s e c t i o n .  

Because of hardware problems encountered w i t h  t h e  p a r a l l e l - r a i l  arrangement,  
on ly  l i m i t e d  data were measured near  the a c c e l e r a t i o n - s e c t i o n  e x i t .  The paral le l -  
ra i l  arc mode of o p e r a t i o n  i n c r e a s e d  t h e  performance of  t he  f a c i l i t y  s i g n i f i c a n t l y  
i n  .terms of free-stream v e l o c i t y ;  however, w a l l  s t a t i c - p r e s s u r e  measurements nea r  
t h e  e x i t  of the  a c c e l e r a t i o n  s e c t i o n  and p i t o t  pressure a t  t h e  tes t  s e c t i o n  i n d i -  
ca t ed  very l i t t l e ,  i f  any, quas i - s teady  tes t  t ime.  Only a s i n g l e  v a l u e  of t h e  
i n i t i a l  a c c e l e r a t i o n  p re s su re  was used  f o r  t es t s  i n  which t he  p i t o t  p r e s s u r e  was 
measured. S ince  t e s t  times are ve ry  s e n s i t i v e  t o  t he  i n i t i a l  acce le ra t ion -gas  
p r e s s u r e ,  t h e  optimum flow c o n d i t i o n s  f o r  t h e  para l le l - ra i l  mode o f  o p e r a t i o n  
were not  ob ta ined  i n  t h i s  s t u d y .  

Langley Research Center 
Nat iona l  Aeronaut ics  and Space Admin i s t r a t ion  
Hampton, VA 23665 
October 29, 1976 
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TABLE 1.-  I N I T I A L  CONDITIONS FOR EXPANSION-TUBE AND SHOCK-TUBE TESTS 

73 
78 
82 
79 

24.13 c02 
24.13 co2 

C0 2 
24.13 co2 

co 2 
co2 

3.47 c02 
co2 

.0347 12 2.50 

.0694 8 .6  2.57 

.0694 10 

.0694 8 .6  2.57 
48.26 

26.67 
26.67 
26.67 
26.67 
26.67 
21.34 
26.67 
21.34 

Frequency, rad/s 

7008 
6634 
6283 
6798 
4437 
4469 
4680 
4734 
4904 
3854 

TABLE 2.- C I R C U I T  CONSTANTS DETERMINED FROM VOLTAGE AND CURRENT TIME HISTORIES 

R/R,, TI 

0.39 0.81 
.82 .86 
.47 .83 
.55 .67 
a 43 * 36 
.46 - 32 
38 .36 

.37 .62 

.40 .62 

.62 * 36 

I I I I 

a69 
a70 

67 
73 
78 
82 

I 84 
85 
86 
79 

1 Run no. I C ,  F I V ,  kV I R ,  mQ 

0.0347 10 3.17 
.0347 10 4.16 
.0347 11 3.72 
.0347 12 3.11 
.0694 8.6 2.44 
.0694 10 2.57 
.0694 10 2.15 
.0694 10 2.09 
,0694 12 2.29 
-0694 8.6 3.64 

L ,  PH 

0.60 
.22 
.57 
e 52 
.61 
.58 
-56 
.55 
.58 
.60 
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L-76-288 
(a>  Paral le l  r a i l s ,  w i t h  adapters t o  coaxial e l ec t r i c  feed. 

Figure 3.- Photographs of  basic components of electric-arc drive assembly. 
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( f )  Coaxial  c o l l e c t o r .  

F igure  3 .- Continued e 
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p4’p1 

Figure 5.- Shook-tube performance f o r  real-air test gas and helium d r i v e r  gas 
over range o f  T4. 
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Run 70 
E = 1.74 MJ 
C = .0347 F 

Yo1 tage, 

2 -  

- 

Run 78 
E = 2.54 MJ 

Current, 
MA 

t 

Run 73 
E = 2.50 MJ 
C = .0347 F 

Run 86 
E = 5.0 MJ 
C = .0694 F 

Figure  6.- Typica l  r eco rds  of v o l t a g e  and current dur ing  e lec t r ica l  d i scha rge .  
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F igure  7.- Var i a t ion  of maximum c u r r e n t  w i t h  i n i t i a l  energy  l e v e l .  
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F igu re  8.- Measured pressure i n  d r i v e r  s e c t i o n  as a f u n c t i o n  of time. 
Heavy t i ck  mark denotes  acce lerometer  i n d i c a t i o n  o f  diaphragm 
opening. 
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E = 2.10 MJ C = .0347 F 

us ,1 
km/s 

x, meters 

, (a) In t e rmed ia t e  s e c t i o n  of  expansion t u b e .  

us ,1 
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(b) Shock tube .  

F igure  9.-Variat ion of i n c i d e n t  shock v e l o c i t y  i n  a i r  w i t h  ax i a l  d i s t a n c e  
downstream of pr imary diaphragm f o r  expansion-tube and shock-tube modes 
of Opera t ion ,  u s ing  microwave t echn ique .  
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Figure  10.- V a r i a t i o n  of e f f i c i e n c y  of energy conversion i n  helium driver 
with i n i t i a l  energy level ,  
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Figure 11.- V a r i a t i o n  of shock v e l o c i t y  i n  i n t e r m e d i a t e  s e c t i o n  of  expansion 

t u b e  w i t h  i n i t i a l  energy l e v e l .  

34 



*r E = 3.47 MJ C = .0694 F 
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km/ s 
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Figure  12.- V a r i a t i o n  of i n c i d e n t  shock v e l o c i t y  along a c c e l e r a t i o n  s e c t i o n .  
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E = 1.74 MJ C = .0347 F 

Voltage 
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Accelerometer 

1 v  
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Voltage 

Pressure 1.38 MPa 

-+I I* 
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-I I- 
500 us 

L-76-295 
( a >  Wall s t a t i c  p r e s s u r e  a t  x = 4.1 m ( d r i v e n  s e c t i o n ) .  

Accelerometer and v o l t a g e  r eco rds  a l s o  shown. 

F i g u r e  13.- T i m e  h i s t o r i e s  of  p r e s s u r e s  i n  d r i v e n  s e c t i o n  and 
a c c e l e r a t i o n  s e c t i o n  of  expansion t u b e .  A i r  test gas a t  
p, = 6.89 kPa,  
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E = 1.74 MJ C = .0347 F 
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L-76-296 
( b )  Wall s t a t i c  pressure a t  x = 19.7 m (accelerat ion sec t ion) .  

Photomultiplier and heat t ransfer  records a l so  shown. 

Figure 13. - Continued. 
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E = 3.47 MJ C = .0694 F 
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( 6 )  Pitot p r e s s u r e  a t  a c c e l e r a t i o n - s e c t i o n  e x i t .  

F igu re  13.- Concluded. 
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